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Abstract 
Ice content is an essential factor that affects the hydraulic pressure of cement-based materials during freeze-thaw cycles (FTC), 
especially for predicting life cycle of concrete structures. Since electrical resistivity of mortar is in close relationship with 
moisture content, it is possible to estimate the ice content based on conductivity change. This paper presents the method using 
electrical measurements to obtain the ice content and clarifies the combined effect of temperature and degree of saturation for 
electrical conductivity of concrete. 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 2nd International Conference on Sustainable Civil Engineering 
Structures and Construction Materials 2014. 
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1. Introduction 
Frost damage of concrete in cold regions is an important durability issue for researchers to concern, especially for 
transport related infrastructures with the presence of de-icing agents. Not only does it threaten its serviceability, but 
also the safety of structures [1]. In this regard, in order to maintain the concrete structures with proper strategy, the 
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damage of concrete due to freezing thawing cycles is expected to be evaluated beforehand. According to existing 
models [2,3], it seems that if we could know the ice content of concrete at each FTC, the pressure induced and 
mechanical degradation of structures can be predicted. However, to the best knowledge of authors, there still exist 
no effective methods to measure the ice content accurately until now. 
Recently, there has been growing interest in the use of electrical measurements for studying the micro-
characteristics of cement-based materials because of its advantages such an efficiency and easy application [4]. It 
seems this technique is also a promising method for studying the frost damage of concrete [5,6]. However, the 
combined effects of moisture content and temperature for electrical conductivity should be clarified in advance if 
one wants to monitor the ice formation process reliably, based on the electrical measurements. Generally, while the 
temperature is decreasing and reaches the freezing point, the content of unfrozen water will gradually decrease. 
According to existing research [7,8], both of them have a significant influence on electrical conductivity of concrete. 
There are progresses related to the single effects. Specifically, Jason Weiss et al. [9] developed the relationship 
between electrical conductivity and degree of saturation of concrete under normal temperatures while considering 
the porosity, connectivity of concrete and chemical composition of the pore solution. In addition, effect of 
temperature on electrical conductivity of concrete has also been studied by method using Arrhenius’s law [8,10-11]. 
Therefore, it is important to understand the combined effects by combining the two relationships. Then, the 
relationship between the ice content and the electrical conductivity of mortar can approximately be developed. 
 
Nomenclature 
 c  electrical conductivity of partially saturated concrete (S/m) 
 c0  electrical conductivity of fully saturated concrete (S/m) 
S degree of saturation of concrete 
n fitting parameter for intrinsic properties of concrete such as porosity and connectivity 
  fitting parameter for chemical composition of the pore solution of concrete 
 p  electrical conductivity of the pore solution of concrete (partially saturated)(S/m)  p
0
 electrical conductivity of the pore solution of concrete (fully saturated) (S/m) IM ionic strength 
z valence 
c molar concentration 
G conductivity parameter 
T absolute temperature (K) 
 reference temperature (K) 
  electrical conductivity measured at the absolute temperature T (S/m) 
 conductivity at absolute reference temperature  (S/m) 
A nominal conductivity at infinite temperature (T of) (S/m) 
Ea activation energy for the conduction process (kJ/mol) 
Rg universal gas constant (8.314 J/mol/K) 
 electrical conductivity of fully saturated concrete at referred temperature Tref (S/m) 
 ref ,s  electrical conductivity of partially saturated concrete at referred temperature Tref (S/m) 
 T ,s  electrical conductivity of partially saturated concrete at the absolute temperature T (K)(S/m)  electrical conductivity of fully saturated concrete at the absolute temperature T (K)(S/m) 
Ea,s  activation energy for conduction of partially saturated concrete (kJ/mol)  activation energy for conduction of fully saturated concrete (kJ/mol) 
As nominal conductivity at infinite temperature of partially saturated concrete (S/m) 
A1                nominal conductivity at infinite temperature of fully saturated concrete (S/m) 
I relative ice content 
Tref
 ref Tref
 ref ,1
 T ,1
Ea,1
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2. Objectives and significance 
The purpose of this paper is to develop a relationship between the ice content and the electrical conductivity of 
concrete. Unfrozen water content during FTC, which is a controlling factor for electrical resistivity change, will be 
used as a connection. In addition, the better understanding of combined effects of temperature and degree of 
saturation is expected. The results of this paper are significant in predicting the mechanical degradation of concrete 
under FTCs, as well as life cycle of concrete structures in cold regions. Besides, the normalized combined effects of 
temperature and the degree of saturation can also be used for enhancing the accuracy of monitoring hydration 
process with electrical measurements. 
3. Theoretical model for ice content 
3.1. Saturation effect 
The degree of saturation is an important effect for electrical conductivity of concrete since it is related to the 
electrical conductivity of the pore solution, water filled porosity and water connectivity, which are the determining 
factor of electrical conductivity. Recently, Jason Weiss et al. [9] developed an equation which could account for the 
saturation effect. Since the water filled porosity and water connectivity are all proportional to a power law function 
to the degree of saturation. It is also true that for the conductivity of the pore solution, an exception is required by 
the introduction of a correction factor taking into account the ionic interactions. 
 c
 c0
= Sn1+
 
(1) 
Where  c  is electrical conductivity of partially saturated concrete, is electrical conductivity of fully saturated 
concrete, S is the degree of saturation of concrete, n is a fitting parameter which is determined by the intrinsic 
properties of concrete such as porosity and connectivity (based on existing experimental data [9], for w/c = 0.5, n of 
mortar approximately equals to 3.5), and  is determined for the chemical composition of the pore solution of 
concrete, which can account for the ionic interactions along with the variations of degree of saturation. 
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Fig. 1. Relationship between degree of saturation and normalized electrical conductivity. 
The normalized electrical conductivity of the pore solution p / p
0is [9], 
 p
 p
0 
1
S
1+G IM
1+G 1
S
IM
§
©
¨¨
¨
·
¹
¸¸
¸
= S1
 
(2) 

 c0
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IM =
1
2
zi
2
i=1
N
 ci
 
(3) 
Where IM is ionic strength (for species with valence z and molar concentration c), G is a conductivity parameter,
 p is the electrical conductivity of the pore solution of partially saturated concrete, and  p
0  is the electrical 
conductivity of the pore solution of fully saturated concrete. When IM lies between 0.1 and 10, the correction term 
equals approximately 0.08-0.35 [9], which can be determined by experiment or calculation. 
The relationship between electrical conductivity of concrete and degree of saturation can be seen in Fig. 1 (the 
parameter n is assumed 3.5 as a typical value for mortar). From this figure we understand that the influence of ion 
interaction is not significant compared with degree of saturation. Even though it could be affected by temperature, 
we can simply ignore the effect to simplify the derivation of the next step.  
3.2. Temperature effect 
Temperature has a significant effect on electrical conductivity of concrete because it can change the mobility of 
ions. Under high temperatures, ions are more active and the electrical conductivity would be higher, and vice versa. 
Generally, researchers consider that Arrhenius’s equation can be relied upon in describing the relationship between 
electrical conductivity and temperature (for temperaturesof 0-50oC), and it is less temperature dependent when the 
temperature is higher than 50oC [8,10-11]. According to recent research results [12], it seems this equation can also 
be applicable under -180C; therefore, it is possible to use it for investigating ice formations: 
 = Ae

Ea
RgT
ª
¬
««
º
¼
»»
 (4) 

 ref
= e

Ea
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 (5) 
Where   is the electrical conductivity measured at the absolute temperature T (K),  ref is the conductivity at 
absolute reference temperature Tref , both measured at the same degree of saturation, A is the nominal conductivity at 
infinite temperature (T of), Ea is activation energy for the conduction process (kJ/mol), and Rg is the universal gas 
constant (8.314 J/mol/K). 
However, as the activation energy Ea is not a universal constant, it would lead to misleading results if we 
consider it as such. In reality, the activation energy Ea is increasing as a function of the decreasing degree of 
saturation obtained from the existing experimental observations. The value of the activation energy has been 
reported to range from 16.9-42.8 kJ/mol [11]. Since Ea is the parameter that determines the sensitivity of electrical 
conductivity of concrete with regard to temperature, it is essential to calculate the electrical conductivity of concrete 
based on an accurate value. Thus, we need to clarify the relationship between the activation energy and the degree of 
saturation. 
3.3. Combined effect 
Further, the research data are analyzed by normalizing the electrical conductivity with saturated specimens at 
reference temperature by substitute Eq. (1): 
 T ,s
 ref ,1
=
 T ,s
 ref ,s ×S
1n =
 T ,s
 ref ,s
×Sn+1
 
(6) 
Where  ref ,1 is the electrical conductivity of fully saturated concrete at referred temperature Tref ,  ref ,s  is the 
electrical conductivity of partially saturated concrete at referred temperature (the same degree of saturation with 
measured one), and  T ,s is the electrical conductivity of partially saturated concrete at the absolute temperature T 
(K). 
When the temperature is at the reference temperature, the conductivity of the saturated concrete can be replaced 
with the partially saturated specimen data by combining of the saturation function. 
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By substituting Eq. (5) into (6), the normalized electrical conductivity would be 
 T ,s
 ref ,1
= e

Ea ,s
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»» Sn+1
 
(7) 
Where Ea,s is the activation energy corresponding to the measured electrical conductivity of concrete (it may be 
partially saturated at the measured time, so the activation energy may be different from the saturated one). 
In fact, for Eq. (1), it is reliable for the temperature to be around reference temperature. When the variation of 
temperature is large, the temperature effect needs to be considered as well. Eq. (1) can be written as:  
 T ,s
 T ,1
=
 ref ,s e

Ea ,s
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 ref ,1 e

Ea ,1
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
=
 ref ,s
 ref ,1
e

Ea ,sEa ,1( )
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 
(8) 
Where is the electrical conductivity of measured partially saturated concrete under temperature T, is 
electrical conductivity of fully saturated concrete under temperature T, and  is the activation energy 
corresponding to the electrical conductivity of fully saturated concrete. 
At reference temperature, Eq. (1) is applicable, so 
 ref ,s
 ref ,1
= Sn+1
 
(9) 
By substituting Eq. (9) into (8), we have 
 T ,s
 T ,1
= Sn+1 e

Ea ,sEa ,1( )
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 
(10) 
The normalized value can also be calculated based on Eq. (4) directly: 
 T ,s = Ase

Ea ,s
RgT
ª
¬
««
º
¼
»»
 (11) 
 ref ,1 = A1e

Ea ,1
RgTref
ª
¬
««
º
¼
»»
 (12) 
where As is the nominal conductivity at infinite temperature at the measured degree of saturation and A1 is the 
nominal conductivity at infinite temperature at the fully saturation. 
By dividing Eq. (12) with Eq. (11), we have 
 T ,s
 ref ,1
=
As
A1
e

Ea ,s
RgT

Ea ,1
RgTref
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 
(13) 
From Eq. (10) or by combining Eq. (7) and (13), we have the relationship of nominal electrical conductivity at 
infinite temperature with different degree of saturations: 
As
A1
= Sn1+ e
Ea ,sEa ,1
RgTref
ª
¬
««
º
¼
»»
 
(14) 
From Eq. (7), the activation energy of the measured electrical conductivity is 
 T ,s  T ,1
Ea,1
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Ea,s =
Rg
1
T

1
Tref
§
©¨
·
¹¸
ln Sn1+( )  ln  T ,s
 ref ,1
§
©¨
·
¹¸
ª
¬
««
º
¼
»»
 
(15) 
When S=1, then 
Ea,1 = 
Rg
1
T

1
Tref
§
©¨
·
¹¸
ln
 T ,1
 ref ,1
§
©¨
·
¹¸
 
(16) 
Substituting Eq. (15) and (16) into Eq. (14), the relationship of nominal electrical conductivity at infinite 
temperature with different degree of saturations should be: 
As
A1
= S
n1+( )
Tref
Tref T
§
©¨
·
¹¸   T ,1
 T ,s
§
©¨
·
¹¸
T
Tref T
§
©¨
·
¹¸
 
(17) 
Then the activation energy of conductivity of partially saturated concrete can be calculated based on the fully 
saturated one. By substituting Eq. (17) into (14), we have 
Ea,s = Ea,1 + Rg
1
1
T

1
Tref
§
©¨
·
¹¸
§
©
¨¨
¨¨
·
¹
¸¸
¸¸ ln S
n1+( )   T ,1
 T ,s
§
©¨
·
¹¸
§
©¨
·
¹¸
 
(18) 
From Eq. (18), we understand that the activation energy for conduction is dependent on activation energy at 
saturated case and degree of saturation. 
Since the activation energy is temperature independent, when the temperature approaching infinity, Eq. (18) can 
be written as: 
Ea,s = Ea,1 RgTref ln(
A1
As
×Sn+1)
 
(19) 
By substituting Eq. (19) into Eq. (7), the normalized electrical conductivity is  
 T ,s
 ref ,1
= e

Ea ,1RgTref ln(
A1
As
Sn+1 )
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««««
º
¼
»»»» Sn+1
 
(20) 
3.4. Ice content 
Under freezing temperatures, the water transforms to ice; since the conductive coefficients of ice and vapor are 
very low compared to water, the conductivity is mostly attributed by the conductivity of the pore solution. 
Therefore, once we know the content of unfrozen water, we could know the ice content as well. 
From Eq. (20), we have 
 T ,s
 ref ,1
= e

Ea ,1RgTref ln(
A1
As
Sn+1 )
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««««
º
¼
»»»» eln Sn+1( )
 
(21) 
By simplifying Eq. (21), we have 
S
(n+1)Tref
T =
 T ,s
 ref ,1
 As
A1
§
©¨
·
¹¸
Tref
T
1§©¨
·
¹¸ e
Ea ,1
Rg
1
T

1
Tref
§
©¨
·
¹¸
  
(22) 
372   Yi Wang et al. /  Procedia Engineering  95 ( 2014 )  366 – 375 
Since under freezing temperatures, conductivity is mainly attributed by the unfrozen water, in this case, the 
degree of saturation can be considered as relative content of unfrozen water. 
Then the relative content of unfrozen water is 
S =
 T ,s
 ref ,1
 As
A1
§
©¨
·
¹¸
Tref
T
1§©¨
·
¹¸ e
Ea ,1
Rg
1
T

1
Tref
§
©¨
·
¹¸(n+1)
Tref
T
 
(23) 
So the relative ice content I is 
 (24) 
3.5. Simplifying the equations by introducing assumption (As / A1 =1) 
As one can see from Eq. (14), it contains two parts, Sn+1and e
Ea ,sEa ,1
RgTref
ª
¬
««
º
¼
»» . When the degree of saturation is 
decreasing, Sn+1 is decreasing correspondingly while e
Ea ,sEa ,1
RgTref
ª
¬
««
º
¼
»»  is increasing since Ea,s is increasing as a function of 
the decreasing degree of the saturation, referring to the existing experimental results [10]. Therefore, it is very hard 
to determine the value since the relationship between Ea and degree of saturation is not clear. 
However, from literature [11], we found the value of A fluctuates with different degree of saturations, but the 
difference is not significant (see Fig. 2(a)). So we may assume this value is constant. In addition, it has also been 
reported by literature [6], Eq. (5) is valid for accounting for the observation of freezing-thawing test, which means 
that the assumption of As / A1 =1may be valid for different degrees of saturations because the content of unfrozen 
water would change during the freezing and thawing process. Since there is still insufficient evidence for this 
assumption with various degree of saturation, we will further confirm it with quantitative experimental results in 
future researches. 
(a) (b)  
Fig. 2. (a) Comparison the value of A with different degree of saturations; (b) comparison the activation energy value from my model and 
existing experimental data [11]. 
From Eq. (19), the activation energy at partially saturated case can be calculated by substitutingAs / A1 =1; we 
have 
Ea,s = Ea,1 RgTref ln(S
n+1) (25) 
Based on experimental data of literature [11], we compared the results from their experiment and the model 
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(assume n+1= 2.85 ,Ea,1 of the model referred to the experimental results of fully saturated concrete of Liu Y. 
and Presuel-Moreno F. J. 2014 [11]); it seems this model is pretty reliable in predicting the activation energy with 
variation of degree of saturation (As can be seen in Fig. 2(b)) 
So the normalized electrical conductivity is 
 T ,s
 ref ,1
= e

Ea ,1RgTref ln(S
n+1 )
Rg
1
T

1
Tref
§
©¨
·
¹¸
ª
¬
««
º
¼
»» Sn+1
 
(26) 
The degree of saturation (content of unfrozen water) is 
S =
 T ,s
 ref ,1
e
Ea ,1
Rg
1
T

1
Tref
§
©¨
·
¹¸(n+1)
Tref
T
 
(27) 
Based on Eq. (27), we could calculate relative ice content with Eq. (24) easily. 
4. Parametric analysis and discussion for combined effect 
4.1. The ratio of partially saturated conductivity to fully saturated conductivity at a certain temperature  T ,s /T ,1 
Based on Eq. (10) and Eq. (25), we have Eq. (28) as follows. Then we know the normalized electrical 
conductivity of partially saturated concrete to full saturation at a certain temperature T, their relationship can be seen 
very clearly from Fig. 3. 
 T ,s
 T ,1
= S
(n+1)
Tref
T
 
(28) 
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Fig. 3. Normalized electrical conductivity with different degree of saturations at certain temperatures. 
In this figure, we consider n+1= 2.85 since it is a typical value for mortar and for the reference temperature; 
here we assume it is 230C, because this is the room temperature where the Eq. (1) usually works well. For the certain 
temperatures, we chose -200C, -100C, 00C,100C,200C, 230C (for absolute temperatures, they are 253K, 263K, 273K, 
283K, 293K, 296K). The normalized electrical conductivity with different saturation is  T ,s /T ,1, referred to the 
variation of this value along with the change of temperature we could see the effect of temperature on the 
applicability of Eq. (1). As it is shown by the figure 4, above 0 degrees, the temperature effect for Eq. (1) is not that 
great and even under 0 degrees, the influence is also not significant. Therefore, the effectiveness of Eq. (1) could be 
extended to a larger range of temperatures. However, we should pay attention to the fact that at the intermediate of 
degree of saturation, the difference is the largest. Under freezing circumstances, when the degree of saturation 
changes to intermediate, which is indicated by the formation of ice, we should consider the temperature effect. 
Otherwise, the results would not be accurate. 
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4.2. The activation energy Ea 
The activation energy for conduction is an indicator of electrical conductivity of concrete how sensitively it 
would be affected by temperature. From the literatures [10,11], the value of activation energy would be influenced 
bythe degree of saturation for the same specimen. According to our theoretical model, as can be seen from Eq. (25), 
we can calculate the activation energy along with different degree of saturations based on activation energy under 
full saturation. Actually, for the activation energy itself, it is a parameter independent on temperature; however, 
there is a reference temperature here in the formula. This is a constant, which accounts for the effectiveness of Eq. 
(1); it means that at reference temperature, we could use Eq. (1) confidently. Here we assume the reference 
temperature is 296 K. Additionally, the parameter n+1 is also very important in affecting the activation energy, 
which is determined by the type of materials and chemical composition of the pore solution at saturation case. By 
applying Eq. (1), we can obtain it by drying test under reference temperature.  
From Fig. 4(a) we can see that the activation energy influences by the degree of saturation significantly, 
especially at low degree of saturations. In addition, it also indicates that the activation energy is greatly affected by 
the type of concrete, which can be clearly seen from the n variations. Due to different n here, the activation energy at 
full saturation must be different as well, because it is determined by the material composition of the specimen. In 
order to understand the variation trend along with the degree of saturation better, we set Ea,1=27kJ/mol for all the 
cases. This value is a typical value for mortar, which was reported by existing researches [10,11]. 
(a)
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Fig. 4. (a) The relationship of activation energy for conduction and degree of saturation; (b) the relationship between the electrical conductivity 
and degree of saturation. 
4.3. Degree of saturation 
The degree of saturation it is the most essential part of this research, because the purpose is to measure the ice 
content based on the electrical measurements. From Eq. (26), we could determine how the normalized electrical 
conductivity would be increasing with increasing of degree of saturation. Inversely, we could imagine how the 
degree of saturation varies with the decreasing of normalized electrical conductivity under freezing. The data in Fig. 
4(b), we assume Ea,1 = 27kJ/mol, n+1= 2.85,Tref = 296K  as a typical case of mortar, and the universal gas 
constant is 8.314J/mol/K. 
As it is shown in Fig. 4(b), the degree of saturation can affect the normalized electrical conductivity dramatically, 
especially at a higher degree of saturation. In addition, it also can be noticed that with higher temperatures, the effect 
of degree of saturation is more obvious. The interaction of the two effects is very clear in this figure. The 
temperature effect would increase with the increase in saturation. It is worthy to notice that when the degree of 
saturation is less than 0.3, the normalized electrical conductivity becomes minimal which even could be considered 
nonconductive. 
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5. Conclusions and future work 
The combined effect of temperature and degree of saturation on electrical conductivity of concrete is explained 
from a theoretical point of view. Under freezing circumstances, the two effects play a significant role in the 
electrical behaviour of concrete and the interactive effect is more obvious under higher temperatures and higher 
degree of saturation. By introducing the assumption of As / A1 =1, we derived the relationship of the activation 
energy and the degree of saturation, and it agrees with the existing experimental results that the activation energy 
would increase with decrease of degree of saturation. This paper also clarified the activation energy change 
tendency with different parameter n, which presents different concrete types and chemical composition of the pore 
solutions. In addition, the method of how to estimate the ice content based on electrical measurements is pointed out 
as well. 
In the future further studies will be undertaken to verify the model of this study since the result would be very 
useful for predicting the frost damage of concrete and life cycle of structures. The next stage is to conduct 
experiments to test the electrical conductivity under drying with room temperature and a low temperature to have 
better understanding of parameter n+1 and how the temperature affects the application of Eq. (1). Apart from 
this, the activation energy for partially saturated and fully saturated of concrete would be tested quantitatively based 
on Eq. (15) and (16) respectively, then the relationship for the activation energy and degree of saturation and the 
correctness of the assumption As / A1 =1could be confirmed. After that, the ice content would be measured 
according to the proposed method. 
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